The influence of rubber crumbs on the dilatancy behavior and critical state of steel furnace slag (SFS), coal wash (CW), and rubber crumbs (RC) mixtures was investigated via a series of monotonic drained triaxial tests. These tests revealed that RC contents (R b , %) have a significant influence on the dilatancy behavior and critical state of the aforementioned waste mixtures; in fact, as more R b is added, dilatancy and the slope of the critical state line in e−ln p′ space decreases. Within the framework of critical state soil mechanics, a dilatancy model for SFS+CW+RC mixtures was proposed and validated using experimental data. This model also captured the energy-absorbing property of RC using an empirical relationship between the total work input W total and the critical stress ratio M cs . 
Introduction

48
Steel furnace slag (SFS) and coal wash (CW) are waste by-products of steel making and coal 49 mining, whereas rubber crumbs (RC) are derived from waste tires, and since they occupy 50 large amounts of useable land their long term effect on the environment is extremely 51 detrimental. One of the best ways of dealing with these materials is to recycle them into 52 geotechnical projects such as port reclamations, where different blends of SFS+CW have 53 already been used successfully (Chiaro et al., 2013) . However, while incorporating RC into 54 SFS+CW blends can further reduce the particle breakage of CW and swelling of SFS, as well 55 as increasing the energy absorbing capacity of these waste mixtures, a better understanding of 56 the effect that RC has on the geotechnical behavior of SFS+CW+RC mixtures from a 57 mathematical perspective is urgently needed. Despite the research already carried out to 58 investigate the behavior of soil-rubber mixtures in the laboratory, only a few focused on the 59 theoretical models used to predict the behavior of soil-rubber mixtures.
60
Stress-dilatancy is a fundamental aspect needed to model the stress-strain behavior of soil. It 61 has been suggested that dilatancy in its initial form is a unique function with the stress ratio ߟ 62 (Taylor, 1948) , but granular materials differ from cohesive soils, so dilatancy not only 63 depends on ߟ but also on the density and stress history of soil (e.g. Rowe, 1962; Nova and 64 Wood, 1979) . To avoid using too many parameters for a single granular material with However, only limited studies have been carried out on the dilatancy behavior of tire soil 72 mixtures (e.g. Mashiri et al. 2015) . Mashiri et al. (2015) has developed a dilatancy model for 73 sand-tire chip mixtures. It is to be noted that currently there is no or very limited literature 74 available on the dilatancy behavior of waste mixture -tire crumb mixtures. Rubber crumbs 75 behave differently with tire chips. Tire chips are relatively larger pieces of tire derived 76 aggregate (typically the size of a gravel) that may also include reinforcing elements such as 77 polymeric fibres (of various types) and/or steel fibres from remaining wire reinforcement 78 (Mashiri et al., 2017; Fu et al., 2017) . Thus, tire chips look and behave more like a composite 79 material whereas rubber crumbs is made of (and behave more like) a single material (i.e., just 80 rubber). As a result, these two are inherently different materials with corresponding 81 mechanical behavior reflecting their original constituents (i.e., rubber crumbs is mainly 82 isotropic whereas tire chips may behave anisotropically due to the presence of any 83 reinforcing inclusions still present in the chips) (Mashiri et al., 2017) . Therefore, previous 84 investigations on tire chips/shreds-soil mixtures cannot totally reflect the behavior of RC-85 waste mixtures.
86
Moreover, no previous studies have incorporated the energy absorbing property of RC in 87 modelling rubber-soil materials. As energy absorbing capacity is a very important 88 geotechnical property of rubber materials, it is important to incorporate its influence when 89 modelling the behavior of RC-waste mixtures. Therefore, in this study the dilatancy behavior 90 of SFS+CW+RC mixtures was investigated based on a series of monotonic drained triaxial 91 tests. The critical state and the energy absorbing property of the mixtures were also examined.
92
Materials and Methodology
93
The coal wash (specific gravity ‫ܩ‬ ௦ = 2.11) and steel furnace slag ‫ܩ(‬ ௦ = 3.43) used in this 94 study are from Illawarra Coal and Australia Steel Milling Services, respectively. The granulated RC ‫ܩ(‬ ௦ = 1.15) from waste tires are in three different size (0-2.3 mm, 0.3-3 mm,
96
and 1-7 mm); the appearance of these waste materials can be seen in Fig.1 , and the particle 97 size distribution (PSD) curves of SFS, CW, and RC are shown in Fig.2. Form Fig.1 , it can be 98 seen that the CW aggregates are composed of both angular and relatively flaky grains, RC are 99 dark angular granulated particles, while SFS is grey and tends to be a bit round. Based on the 100 unified soil classification system, SFS and CW are classified as well-graded gravel with silty-101 sand, and well-graded sand with gravel, respectively.
102
As gradation can influence the behavior of soils (Salvatore et al., 2015) , all the mixtures 103 tested in this study are mixed to the same gradation (the target PSD) shown in Fig.2 . The 104 blending ratio of SFS and CW is 7:3 (by weight) because with this ratio the SFS+CW blends 105 have a relatively low particle breakage and swelling potential while maintaining a high shear 106 strength (Indraratna et al., 2017) . The RC contents are 0%, 10%, 20%, 30%, 40% by weight; 107 every specimen was prepared with the optimum moisture content and then compacted to 108 achieve an initial dry unit weight equal to 95% of their maximum dry density. To achieve the 109 target particle size distribution (PSD), the preparation method followed a previous study by 110 Tasalloti et al. (2015) . The waste materials were sieved and separated into different particle 111 sizes. For each SFS+CW+RC mixture, the dry mass required of each particle size was back-112 calculated based on the target PSD curve, and then the exact mass corresponding to a given 113 size range was weighed and mixed thoroughly to obtain a uniform blend.
114
After the dried mixtures were prepared, the required amount of water was added to the 115 mixture, and the mixture was blended thoroughly. The triaxial test specimen (50mm in 116 diameter and 100 mm high) was then prepared and compacted using a split mould. Each 117 specimen was compacted in 5 layers using a drop hammer. Before placing the subsequent 118 layer, the previous layer was roughened to avoid any layering during the shearing. ductile. This may be attributed to the increase of rubber-to-rubber interaction in 139 SFS+CW+RC mixtures (Sheikh et al., 2013) . Moreover, all the specimens exhibited a 140 predominantly strain softening behavior accompanied by a contractive-dilative response.
141
The inclusion of RC also affects the strain behavior of SFS+CW+RC mixtures ( 
147
Dilatancy behavior
148
Dilatancy is one of the fundamental components in modelling the stress-strain behavior of a 149 soil. It is the ratio of the increment of plastic volumetric strain to the increment of plastic 150 deviator strain in triaxial space (Nova and Wood, 1979; Wood and Belkheir, 1994) :
where ݀ߝ ௩ = ݀ߝ ଵ + 2݀ߝ ଷ , ݀ߝ = 2(݀ߝ ଵ − ݀ߝ ଷ )/3, and the superscript ‫''‬ stands for 'plastic'.
152
The best way to investigate the dilatancy of soils is to plot dilatancy with a variation of the state, 'peak' refers to the peak deviator stress state, and ‫ܵܥ‬ means the critical state. Thus the 160 stress ratio at these three conditions ߟ ்ௌ,,ௌ can be determined by:
Where ‫ݍ‬ ்ௌ,,ௌ is the deviator stress at the phase transformation state, the peak deviator 
165
At the phase transformation state ݀ = 0, the volumetric strain ߝ ௩ reaches its minimum value 166 and the specimen changes from contraction to dilatancy. At the peak deviator stress state, the 167 stress ratio ߟ and the deviator stress reach their peak, and at the critical state ߟ ௌ = ‫ܯ‬ ௦ , 168 ݀ = 0, and ݀ߟ = 0. Note that ߟ and ߟ ்ௌ decrease as the effective confining pressure 169 increases, and all the SFS+CW+RC specimens experience a hook after the peak deviator 170 stress state. It is observed that only the dilatancy of SFS+CW+RC mixtures with 0% and 10%
171
RC can reach zero after the peak deviator stress state (Fig.4 a & b) , but as more RC are 172 included ݀ = 0 is harder to reach, whereas the trend of dilatancy indicates it is still possible 173 to achieve zero beyond the 25% of axial strain. lower ܴ (0% and 10%) can directly achieve CS, whereas those with higher ܴ (20-40%) (Fig.5b) . Meanwhile, the increment of ᇱ − ߝ and ߝ ௩ − ߝ curves also reaches zero at 204 the same point (Fig.5a ), so the critical state of the SFS+CW+RC mixture with 10%
205
RC is now determined ‫ܯ(‬ ௦ = 2.01).
206
(2) The CS of mixtures with larger ܴ (20%, 30% and 40%), can be determined by critical stress ratio is predicted from the stress ratio-dilatancy curve by extending the 211 last part of the curve to the point of intersection with the zero dilatancy axes (Fig.5d ).
212
The ߟ − ߝ curve and ߝ ௩ − ߝ curve are also extrapolated until the constant ߟ and ߝ ௩
213
are obtained, and thus ‫ܯ‬ ௦ = 1.61 has been determined.
214
The value of ‫ܯ‬ ௦ and the critical void ratio ݁ ௦ of the waste mixtures are shown in Table 1 .
215
The results reveal that ‫ܯ‬ ௦ is no longer a constant for SFS+CW+RC mixtures since it 216 depends on the effective confining pressure and ܴ (%). In the ݁ ௦ − ln ‫′‬ ௦ space a linear 217 relationship was established for the critical state line of the SFS+CW+RC mixtures ( Fig.6a) :
where Γ is the void ratio at ‫′‬ ௦ = 1 ݇ܲܽ, and ߣ is the gradient of the critical state line in empirical equations and the test data from Group B (Fig.6b) . 
Energy absorbing property of SFS+CW+RC mixtures
The value of ܹ ௧௧ of the mixtures is shown in Table 1 . It is worthy to note that ܹ ௧௧ is a 241 parameter that incorporates the effects of ܴ and the applied stress, and it increases as ܴ and 242 the confining stress increases. As mentioned above, ‫ܯ‬ ௦ is not a constant as it changes with 243 confining stress and ܴ . Therefore, ܹ ௧௧ may be a good parameter to reflect the changes of 244 ‫ܯ‬ ௦ . Chavez and Alonso (2003) proposed a model for rockfill using the plastic work to 245 capture the changes of ‫ܯ‬ ௦ due to suction and confining stress. However, in this study as the 246 elastic deformation generated by RC cannot be neglected, and thus the total work ܹ ௧௧ is 247 used to reflect the changes of ‫ܯ‬ ௦ due to confining stress and ܴ . By connecting ܹ ௧௧ to 248 ‫ܯ‬ ௦ , an empirical relationship is established using group A data (Fig.7) . In this way, the 249 energy absorbing property of RC is translated through ܹ ௧௧ . The equation is then validated 250 by using group B data (independent set of data):
where ‫ܯ‬ is the critical stress ratio when ܹ ௧௧ = 1 ݇ܲܽ, ߙ is a regression coefficient, and 252 ܹ = 1 ݇ܲܽ is used to keep the unit of both side of the equation the same. It is evident that 253 Equation (8) has a good correlation with independent set of data (Group B).
254
Dilatancy Model and Simulation for SFS+CW+RC Mixtures
255
The dilatancy of soil is usually related to the state of soil which corresponds to its density and 
Following, Li and Dafalias (2000) , the dilatancy of soil ݀ associated with the state parameter,
267
and is expressed as:
where ݀ and ݉ are two material parameters, ‫ܯ‬ ௦ * is the critical stress ratio modified with ܹ ௧௧ , and ߰ * is the state parameter modified with ܴ (%).
270
Parameter ݉ can be computed based on the phase transformation state (PTS), i.e., ݀ = 0, 271 ߰ * = ߰ ்ௌ * , and ߟ = ߟ ்ௌ . Hence,
The dilatancy parameter ݀ can be calculated at the peak deviator point, i.e., ݀ = ݀ ,
273
߰ * = ߰ * , and ߟ = ߟ . Thus,
The value of the dilatancy parameters is listed in Equations (8 and 10). property with ‫ܯ‬ ௦ .
296
The dilatancy behavior of the SFS+CW+RC mixture was predicted by a modified dilatancy rubber crumbs by weight. CD refers to consolidated drained triaxial tests, and ݁ is the initial void ratio after consolidation. Test data from 
